Background. No more than half of patients with neurofibromatosis type 1 (NF1) -associated optic pathway gliomas (OPGs) develop vision loss. Prospectively identifying those who will require therapy remains challenging, because no reliable factors have yet been identified that predict future vision loss. To determine whether brain tissue microstructure is associated with visual acuity loss, we examined diffusion tensor imaging (DTI) and ophthalmologic evaluations in children with NF1-associated OPG. Methods. We retrospectively reviewed ophthalmology records and concurrent DTI measurements of the optic nerves, tracts, and radiations from 50 children with NF1-associated OPGs. Multivariate linear regression measured the association between fiber trajectory quantity and white matter integrity on visual acuity measured by the logarithm of the minimal angle of resolution (logMAR).
Background. No more than half of patients with neurofibromatosis type 1 (NF1) -associated optic pathway gliomas (OPGs) develop vision loss. Prospectively identifying those who will require therapy remains challenging, because no reliable factors have yet been identified that predict future vision loss. To determine whether brain tissue microstructure is associated with visual acuity loss, we examined diffusion tensor imaging (DTI) and ophthalmologic evaluations in children with NF1-associated OPG. Methods. We retrospectively reviewed ophthalmology records and concurrent DTI measurements of the optic nerves, tracts, and radiations from 50 children with NF1-associated OPGs. Multivariate linear regression measured the association between fiber trajectory quantity and white matter integrity on visual acuity measured by the logarithm of the minimal angle of resolution (logMAR).
Results. In multivariate analysis, fractional anisotropy (FA) of the optic radiations was associated with visual acuity loss (adjusted coefficient ¼ 26.081 logMAR/ FA; P ¼ .006) after adjusting for age, extent of tumor, DTI acquisition type, prior chemotherapy, and fundus examination findings. The association remained after eliminating tumors involving the optic radiations. In an evaluation of 15 subjects with paired ophthalmologic examination and DTI a year apart, initial FA of the optic radiation was associated with a trend toward change in visual acuity a year later (coefficient ¼ 22.652 logMAR/FA; P ¼ .069). Conclusions. A decrease in FA of the optic radiations is associated with abnormal visual acuity in NF1-associated OPGs and may be predictive of visual acuity loss during the following year.
Keywords: diffusion tensor imaging, neurofibromatosis type 1, neuro-ophthalmology, optic pathway glioma, visual acuity. N eurofibromatosis type 1 (NF1) is an autosomal dominant disorder caused by a mutation on chromosome 17q11.2 that affects 1 in 3000 children. 1 Affected individuals have an error in the tumor suppressor gene encoding neurofibromin and are at increased risk for both benign and malignant tumors. Optic pathway gliomas (OPGs), involving optic nerves, chiasm, or tracts and rarely the optic radiations, develop in 15% -20% of children with neurofibromatosis type 1 (NF1) 2, 3 and cause vision loss in up to 50%. 4 Determining when to treat young children with an NF1-associated OPG is a challenging clinical problem. One of the largest epidemiologic studies to date showed that no specific presenting factor was associated with OPGs that will require treatment. 5 OPGs in patients with NF1 are generally indolent, and the most commonly cited indications for treatment are declining vision or radiographic progression. 6 However, radiographic progression has never been shown to predict vision loss accurately, 6, 7 and visual acuity testing is highly dependent on patient cooperation. 8 Because the median age of vision loss in patients with NF1-associated OPG is 4.9 years 2 and many children with NF1 are affected by attentional disorders, 9,10 accurate visual acuity is often difficult to obtain reliably. The ability to diagnose and predict vision loss accurately in children with NF1-associated OPGs would lead to more efficient and effective use of chemotherapy and early interventions.
Vision loss in OPGs is presumably attributable to direct infiltration of or pressure on the visual pathways by tumor. Although tumor extent by conventional magnetic resonance imaging (MRI) does not correlate with vision loss, 6, 7, 11, 12 direct measurements of the integrity of optic pathway white matter tracts may better identify vision loss. Diffusion tensor imaging (DTI) allows identification and quantitation of white matter pathways, including optic nerves, tracts, and radiations. DTI uses the Brownian motion of water to probe tissue microstructure. By sensitizing diffusion-weighted imaging in 6 (or more) noncollinear axes, it is possible to detect anisotropic patterns of diffusion and, thus, characterize both the degree and direction of preferred diffusion to assess white matter structure and integrity.
We conducted a retrospective cross-sectional study to evaluate the association between visual acuity and DTI measurements of white matter tract integrity in the visual pathways among individuals with an NF1-associated OPG. We hypothesized that DTI parameters would provide a useful in vivo imaging biomarker to help assess visual acuity and may help predict future vision loss in children with NF1 and an OPG.
Methods

Patient Selection
Individuals were identified for this retrospective crosssectional cohort from a preexisting clinical database of patients with NF1 at the Children's Hospital of Philadelphia. Eligible participants included those with NF1 and an OPG confirmed by MRI. Subjects with a neuro-ophthalmic or ophthalmic evaluation and MRI evaluable for DTI within 3 months of each other from January 2009 through May 2012 were included in the study. DTI has been performed at the Children's Hospital of Philadelphia since 2009 as part of standard clinical MRI for patients with known or suspected brain tumors. If multiple pairs of neuro-ophthalmology/ ophthalmology-MRI evaluations were available, the most recent time point was used. Longitudinal analysis was performed on subjects who had a second paired DTI and ophthalmology evaluation during the previous 9 -15 months. Exclusion criteria included other factors that might impact visual acuity or DTI measurements, including a history of radiation therapy to the brain, surgery or biopsy to the OPG, or a neurologic or ophthalmologic disease other than OPG (including amblyopia, cataract, retinopathy of prematurity, or increased intracranial pressure with a ventricular shunt). Institutional review board approval with waiver of consent was obtained before study initiation.
Ophthalmology Evaluation
A pediatric neuro-ophthalmologist or pediatric ophthalmologist evaluated all subjects in the cohort. Best corrected visual acuity was assessed using an age-appropriate testing method (Teller, Lea, HOTV, Snellen) and converted to the logarithm of the minimal angle of resolution (logMAR) to create a linear scale of visual acuity. Similar to prior studies, 13 counting fingers was assigned a logMAR of 1.6, hand movements a logMAR of 2, light perception a logMAR of 2.5, and no light perception a logMAR of 3. Vision deficit was defined as the difference between visual acuity and age-matched norms, 14 and abnormal visual acuity was defined as a logMAR vision of ≥0.2 (correlating to 2-line decrease in visual acuity on the Snellen chart). In per-subject analyses, the worse eye determined visual acuity. Visual field deficits were defined as any noncentral scotomata detected reliably with either confrontation testing or automated perimetry examination (Humphrey). Optic discs were assessed for pallor and edema. Both visual field testing and optic disc appearance were categorized as either normal or abnormal.
MRI Evaluation
The presence of an OPG was confirmed on routine brain MRI in all subjects. Because tumors involving posterior structures rarely occur without anterior involvement, 6 tumor location was categorized by its most posterior involvement: optic nerve, chiasm, optic tracts, or optic radiations. All MR examinations were performed at 3T on either a Trio (n ¼ 45 exams), Skyra (n ¼ 3 exams), or Verio (n ¼ 17 exams) scanner (Siemens; Erlangen, Germany). Diffusion MR was acquired with an echo planar pulse sequence with 128 × 128 matrix, in-plane voxel size of 2 × 2 mm, diffusion weighting of b ¼ 1000 s/mm 2 , and full brain coverage with no gap between slices. Sixteen examinations were acquired with 20 diffusion gradient directions and 2 mm slice thickness, and 49 examinations were acquired with 30 diffusion gradient directions and 2.5 mm slice thickness. On the Trio, TE was 91 -93 ms, with TR of 7.3 -11.6 s and bandwidth of 1395 Hz/pixel. On the Skyra, TE was 84 ms, with TR of 9.4 -9.6 s and bandwidth of 1565 Hz/pixel. On the Verio, TE was 91 -104 ms, with TR of 9.4 -14 s and bandwidth of 1395 Hz/pixels. Differences in TR in this range are unlikely to significantly affect diffusion-weighted signal intensity.
Postprocessing DTI analysis was performed using DTI-Studio, version 3.0.1 (Johns Hopkins University; Baltimore, MD). Deterministic streamline fiber tracking with the fiber assignment by continuous fiber tracking algorithm was used with minimum fractional anisotropy de Blank et al.: DTI and Vision Loss in NF1-associated OPG (FA) value of 0.15 and maximum turning angle of 708. 15 To trace fibers in the optic nerves, a region of interest was placed in the posterior half of the optic nerve, identified on the echo planar images with no diffusion weighting (b ¼ 0 s/mm 2 ). Fibers found in this area and coursing toward the chiasm were included as optic nerve. Optic tracts were identified as fibers coursing between 2 regions of interest: immediately posterior to the optic chiasm and anterior to the lateral geniculate body. Optic radiations were also measured between 2 regions of interest. An initial region of interest was placed posterior to Meyer's loop at the level of the splenium of the corpus callosum. A second region of interest was placed immediately anterior to tract branching before the calcarine cortex. Fibers that coursed anterior to the first region of interest or across the corpus callosum were excluded from analysis. White matter tracts and their associated regions of interest can be seen in Fig. 1 .
White matter tracts were assessed for number of fiber trajectories, tract volume, tract density (number of trajectories/tract volume), FA, mean diffusivity (MD), and tensor eigenvalues (l1, l2, and l3). Radial diffusivity (RD) describes diffusion perpendicular to axons and is the mean of the second and third eigenvalues. Because the optic nerve contributes to vision in a single eye, correlation of DTI measurements of individual optic nerves to visual acuity was performed on a per-eye basis. In contrast, because optic tracts and radiations contribute to visual acuity in both eyes, DTI measurements of these white matter tracts were averaged from both sides in a per-subject comparison of vision loss and white matter characteristics. Mean FA, RD, MD, and eigenvalues were calculated from weighted averages, based on the number of fiber trajectories passing through each voxel.
Statistical Analyses
Summary statistics were constructed using frequencies and proportions for categorical data elements and means and medians for continuous variables. One-way analysis of variance and Student's t test were used to compare proportions and means between groups with and without normal visual acuity. A P value of , .05 was considered to be statistically significant. Bivariate analysis was conducted to determine the association between potential covariates and abnormal visual acuity. A P value of , .20 was used to identify covariates to be analyzed in a multivariable model. A linear regression model compared visual acuity deficit with identified covariates, which were eliminated from the multivariate model if the P value of their association with visual acuity was . .05 and if their elimination from the model did not change the coefficient estimates of other covariates by .15%. Because of their presumed association with both DTI measurements and vision deficits, age at ophthalmology evaluation, tumor location, and DTI acquisition parameter type (20 directions with 2 mm slice thickness vs. 30 directions with 2.5 mm slice thickness) were included in the model a priori.
Results
Fifty-six potentially eligible subjects with NF1 and an OPG were identified. Six subjects were excluded because of inadequate MR imaging (motion degraded or incorrect DTI acquisition). Of the 50 remaining subjects, 91 eyes were evaluable: 8 optic nerves were eliminated from the analysis because of inadequate MR imaging, and 1 patient had undergone a prior enucleation.
Twenty-six subjects had abnormal visual acuity in one or both eyes. The mean logMAR of those categorized with normal visual acuity was 0.08 (+0.07), compared with 0.72 (+0.82) in those with abnormal visual acuity (P , .001). Demographic characteristics and ophthalmology results of the cohort are shown in Table 1 . The median interval between ophthalmology evaluation and MRI was 31 days (range, 0-91 days) and did not differ between the groups (P ¼ .82). Individuals with abnormal visual acuity were more likely to have abnormal optic discs (P ¼ .002), but there were no other significant differences between the 2 groups.
There were no significant differences in diffusion tensor imaging parameters in the optic nerves (Table 2) or optic tracts (Table 3 ). In contrast, significant differences were seen in measures of fiber integrity (FA, RD, MD, and minor eigenvalues [l2 and l3]) but not fiber quantity (number of trajectories, fiber volume, and fiber density) in optic radiations between those with normal and those with abnormal acuity (Table 3) . Because FA, RD, and MD of the optic radiations were collinear in multivariate analysis, mean FA was further investigated as having the strongest association with visual acuity. Fig. 2 is a scatter plot of visual acuity deficit and FA of the optic radiations. To determine the sensitivity of FA in identifying abnormal visual acuity at various cutoffs, the FA of the optic radiations was divided into quartiles (Table 4 ). In the lowest quartile (FA , 0.482), 77% of subjects had visual acuity loss, compared with 15% of those in the highest quartile (FA . 0.530), representing a significant difference in the proportion with visual acuity loss across all quartiles (P ¼ .014).
To evaluate whether low optic radiation FA values were secondary to direct disruption by tumors involving the radiations, tumors involving the optic radiations were excluded in a subanalysis. Among subjects without optic radiation tumor involvement, the FA of the optic radiations was significantly lower in those with abnormal visual acuity than in those with normal visual acuity (0.488 vs. 0.528; P , 0.001).
A multivariate linear regression analysis evaluated the effect of covariates on the degree of visual acuity deficit. Because age and extent of OPG involvement were assumed to be associated with both DTI measurements and visual acuity, these were a priori included in the model. Table 5 lists the unadjusted and adjusted linear regression analysis of FA of the optic radiations and important covariates on visual acuity. Lower FA scores in the optic radiations and older age were associated with worse visual acuity. This association remains after excluding individuals with OPGs involving the optic radiations (adjusted coefficient for FA of the optic radiations, 26.733; P ¼ .003) (data not shown).
Seventeen potentially eligible subjects had 2 sets of paired ophthalmology/MRI evaluations 1 year apart. MRI or ophthalmologic evaluation was inadequate in 2; therefore, longitudinal analysis was performed in 15 subjects. Four of these subjects had received chemotherapy before the initial evaluation, and 2 were receiving chemotherapy during the 1-year follow-up period. There was no association between receiving chemotherapy and change in visual acuity (1-way analysis of variance, F ¼ 0.68; P ¼ .42). There was a trend associating initial FA of the optic radiations and visual acuity change a year later in univariate analysis (coefficient ¼ 22.652; P ¼ .069). Among those followed up longitudinally, at initial evaluation, no subjects had perfect visual acuity and one subject had maximal vision deficit (no light perception). Eliminating the latter subject, who could not demonstrate progressive vision loss, resulted in a significant association between initial FA of the optic radiations and visual acuity change in univariate analysis (coefficient ¼ 25.624; P ¼ .003) and a trend toward significance in multivariate analysis after adjusting for age, tumor location, and DTI acquisition type (adjusted coefficient ¼ 22.525; P ¼ .061) (data not shown). A scatterplot of initial FA of the optic radiations and visual acuity change over the following year is shown in Fig. 3 .
Discussion
This study demonstrates that white matter tract integrity, measured by FA of the optic radiations but not of the optic nerves or tracts, is associated with visual acuity loss in NF1-associated OPGs. Previous experiments in a mouse model of NF1 have shown that gliomatous optic nerves have an increase in RD, compared with optic nerves from wild-type mice, and that the difference increases as mice and tumors age. 16 Intrinsic optic nerve pathology (including OPGs) in humans has also been associated with decreased FA, 17 and 9 children with NF1 (5 with OPGs) were shown to have decreased FA of the optic nerve and radiations, compared with healthy controls. 18 However, neither study focused on a homogeneous population of OPGs nor compared DTI measures with functional outcomes, such as vision loss. In a small study of 10 children with OPGs (4 with NF1), Lober et al demonstrated a decrease in the number of visual fiber trajectories in all subjects and found no association with visual acuity. 19 Similarly, our study found no significant difference in fiber quantitation (number of trajectories, tract volume, or trajectory density) between subjects with and without visual acuity loss. However, measurements of white matter integrity and microstructure (FA, RD, MD) were different between those with normal and abnormal visual acuity. The association between FA and visual acuity on a continuous logMAR scale remains after adjusting for age, extent of tumor involvement, DTI acquisition parameters, previous chemotherapy, and fundus examination findings. These findings suggest that the gross anatomy reflected by the number and density of fiber trajectories may be less important than measures of microstructural integrity.
Of note, white matter tract integrity in the optic radiations was associated with visual acuity loss, whereas integrity changes in the optic nerves and tracts were not observed. Small white matter structures, such as optic nerves and tracts, can be difficult to isolate on DTI without partial voluming, and these pathways may be subject to susceptibility artifacts. 20, 21 The lack of a significant difference in FA of these structures may be attributable to the difficulty in measuring these anterior pathways accurately. On the other hand, the association between optic radiation FA and visual acuity remains significant even in OPGs that spare the optic radiations, suggesting an alternative pathogenesis than direct disruption of the optic radiations. Changes in optic radiation white matter integrity have been reported previously in OPGs limited to the anterior pathway. 18, 19 Although subclinical (ie, not seen on MRI) tumor invasion is possible, anterograde trans-synaptic degeneration from disruption of visual input 19, 22 is a more likely mechanism. The difference in FA of the optic radiations between subjects with normal and abnormal visual acuity (DFA of 0.04) represents an almost 10% divergence, with some overlap between groups that may limit the clinical use of DTI in individual cases. This variability may be attributable to MRI factors (differences in DTI parameters and effect of unidentified bright objects) or ophthalmologic factors (subject cooperation with evaluation and variable visual acuity testing method) that should be controlled for in future prospective studies. Variability of FA measurements is likely to be exacerbated by the averaging of DTI measurements across bilateral structures that may only have tumor infiltration on one side. However, it is important to consider both affected and apparently unaffected sides, because MRI appearance does not correlate with visual acuity and may not be sensitive to tumor involvement. Averaging affected and apparently unaffected sides may increase the variability of FA measurements but adds to the overall validity of our results, because including the unaffected structures should bias our results toward the null.
Our study suggests that initial FA of optic radiations may be associated with decline of visual acuity in the following year. This association becomes significant after eliminating subjects whose visual acuity is unable to improve or decline because of ceiling/floor effects. During the 1-year follow-up period, the single subject with improved visual acuity (defined as a decrease in logMAR of ≥0.2) had a baseline FA of the optic radiations in the top quartile. In contrast, the 2 subjects with a decline in visual acuity (increase in logMAR of ≥0.2) had baseline FA values in the bottom quartile. Although this small cohort is unable to support rigorous multivariate analysis, a trend toward a significant association between FA of the optic radiation and change in visual acuity is observed after controlling for important covariates. DTI has previously been shown to predict clinically relevant outcomes in multiple sclerosis, where it is associated with future persistent demyelination and disability in patients. 23, 24 However, larger prospective studies that can control for subject age, extent of tumor involvement, and testing characteristics are needed to determine whether measures of white matter microstructure can predict visual outcome in children with OPG.
This study has a number of limitations that may limit its generalizability. The cohort is a convenience sample collected from a large tertiary care center and may contain some selection bias toward more symptomatic patients. However, an increased prevalence of at-risk OPGs may more accurately portray the group with risk factors for progression for whom clinicians struggle to make treatment decisions. Although most patients with NF1-associated OPG had concurrent visual acuity and imaging evaluations, only 15 subjects had longitudinal concurrent evaluations during our study period. This small cohort limited the statistical power of longitudinal analyses and may have introduced selection bias in these results. Our findings need to be confirmed in a larger prospective cohort with longer follow-up, and future studies will need to control for current chemotherapy and the presence of unidentified bright objects.
Prior studies have shown that tumor location predicts visual acuity outcome after chemotherapy, 6 but the usefulness of tumor location in guiding treatment decisions remains unclear. Studies using visual-evoked potentials 25 and positron emission tomography 26 have failed to show that these modalities can usefully predict vision loss. Avery et al. 27 have shown that the thickness of the retinal nerve fiber layer measured by optical coherence tomography is associated with vision loss in OPGs, but a longitudinal study to determine optical coherence tomography's predictive power is ongoing.
Prospective studies are necessary to validate these results and to identify a threshold FA below which vision loss is highly likely, despite the variability seen in DTI measures. In addition, if larger longitudinal studies confirm that FA can quantify vision change or predict future visual deficits, DTI may provide additional valuable information to the standard ophthalmologic and radiologic evaluation of OPGs. However, longitudinal studies should include subjects receiving chemotherapy to determine whether changes in FA after chemotherapy also correlate with visual outcomes.
In summary, changes in FA of the optic radiations are associated with current visual acuity loss and may be predictive of future visual acuity loss in subjects with NF1-associated OPG. If future prospective studies corroborate our findings, DTI may be useful in identifying children with NF1-associated OPGs in need of early therapeutic intervention to preserve vision.
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